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Abstract. The radula is the major feeding organ of most gastropods and is a key taxonomic feature for many species.

I demonstrate that two species of snail in the genus Lacuna Turton, 1827 (Gastropoda: Littorinidae) produce differently

shaped radular teeth when fed different foods, displaying intraspecific variability as extreme as would usually be con-

sidered to define different species. The new tooth morphology is produced on the non-feeding end of the constantly

regenerating radula, and is thus different from use-induced feeding morphologies seen in arthropods or vertebrates. Tooth

shape in Lacuna is phenotypically plastic, inducible with different food conditions, and reversible within an individual's

lifetime, allowing rapid response to new environmental conditions.

INTRODUCTION

Gastropod species identity and taxonomy traditionally has

been based on a wide variety of soft body and shell char-

acteristics. The shell is used for taxonomic purposes both

in extant and extinct species as it preserves well and is

abundant in fossil deposits. However, many aspects of the

shell shape and decoration are variable within species,

and several have been shown to be phenotypically plastic

(Appleton & Palmer, 1988). The gastropod radula is

widely regarded as being a reliable character for species

identity, and is commonly considered to be species spe-

cific. For example, Fretter & Graham (1994: 162) state,

regarding the radula, that "the ribbon bears teeth placed

regularly along side one another .... and the number of

these and the shape of the teeth differ from species to

species, though remaining fairly constant within one spe-

cies. As a consequence of this and the fact that they are

imperishable and may be extracted from dried bodies, the

radula is an important organ from the taxonomic view."

Because the radula is a major feeding organ of most gas-

tropods, we might predict close associations between diet

and radular form (Padilla, 1985, 1989). In fact, ontoge-

netic changes in diets of some species of Conus have

been shown to be correlated with ontogenetic changes in

radular morphology (Nybakken, 1990).

In the northeastern Pacific, snails in the genus Lacuna

Turton, 1827, are important grazers of macroalgae, in-

cluding kelp, and are the dominant grazers in many eel-

grass communities (Martel, 1990; Martel & Chia, 1991a,

b). These snails readily move between these two habitats

as planktonic larvae (> 4 weeks as planktotrophic larvae)

or as juveniles and adults which use mucus threads to

parachute in water currents (Martel & Chia, 1991b, c).

The shapes of radular teeth most effective at grazing on

these two different types of foods will be very different

(Padilla, 1985, 1989). Lacuna feeding on kelps and other

macrophytes excavate the algal tissue itself. Pointed teeth

are more effective at gouging this type of surface due to

mechanical factors such as stress concentration at tooth

tips as compared to broad tooth cusps (Padilla, 1985). In

eelgrass beds, however. Lacuna graze on the epiphytic

micro and filamentous algae growing on the surface of

the grass blades without damaging the tissues of the grass

beneath. Blunt teeth would be more effective at scraping

epiphytes from a surface. Feeding efficiency on these two

very different substrata may therefore be a strong selec-

tive force on radular tooth morphology (Hickman, 1980;

Padilla 1985, 1989).

In initial observations, I found individuals of Lacuna

vincta (Montagu, 1803) and L. variegata Carpenter, 1864,

collected from kelp had pointed radular teeth, whereas

those collected in eelgrass possessed blunt teeth. These

differences could be due to several factors: (1) animals

could change their diet ontogenetically and have an on-

togenetic shift in radular tooth shape as is seen in Conus;

(2) Lacuna vincta and L. variegata populations could be

polymorphic for tooth shape —different individuals could

have different radular morphologies, and move to habitats

that match their tooth shape; or (3) tooth shape could be

phenotypically plastic, and inducible by cues from the

animal's food or environment (Bradshaw, 1965; Smith-

Gill, 1983). I conducted experiments to test whether tooth

morphology in an adult snail could change in response to

the diet of these snails.

MATERIALS and METHODS

Lacuna variegata and L. vincta (males and females, 2.5-

9 mmshell length) were collected from several different

kelp beds and eelgrass beds near the Friday Harbor Lab-

oratories, San Juan Island, Washington. Flow-through
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Table 1

Radular tooth shape of snails reared on kelp or epiphyte

covered eelgrass for 8 weeks. The results of a 3-way G
test showed that for Lacuna vincta and L. variegata food

had a significant effect on tooth form {P < 0.001), and

the two species did not differ in their response.

Food Epiphytes Kelp

Lacuna vincta

Pointed Teeth 0% 100%
Blunt Teeth 100% 0%

Lacuna variegata

Pointed Teeth 0% 100%
Blunt Teeth 100% 0%

seawater tanks were filled with either epiphyte-covered

eelgrass (Zostera marina) or kelp (Laminaria groenlan-

dica). The snails from each species were randomly as-

signed to one of two environment/food conditions, kelp

or epiphyte-covered eelgrass. Snails were housed in plas-

tic cages with 1 mmplastic screening replacing four sides

(eight different cages for each food/habitat type), and fed

fresh food every 3 to 4 days, before all of the kelp or

epiphytes provided were consumed. After 8 weeks, I sac-

rificed one animal of each species from each cage, dis-

sected their radulae, and cleaned them in a mild chlorine

solution with very gentle sonication without heat (Norel-

co Razormate). The cleaned radulae were dehydrated

with 2,2, Dimethoxy-propane and mounted flat with dual

adhesive tape on aluminum stubs.

Both species replace their radula at a rate of around

three rows per day, and completely replace their radula

in around 3 to 4 weeks (Padilla et al., 1996). Therefore,

all individuals would have completely replaced the teeth

on the radula at least once during the experiment. Radulae

of eight individuals for each species in each treatment

were examined with a scanning electron microscope to

determine the shapes of the teeth. The shapes of the main

feeding teeth are always correlated with the shape of the

central rachidian tooth (personal observation). The central

tooth is the easiest to mount in a consistent orientation,

so it was used as the primary tooth to determine tooth

shape. Only teeth on the youngest half of the radula were

examined. No teeth that had been used for feeding (the

first five to six rows) were used to determine tooth shape.

RESULTS

All Lacuna vincta and L. variegata fed epiphytes on eel-

grass and kept in a tank containing eelgrass produced

blunt teeth (Table 1; Figure 1). Similarly, all L. vincta

and L. variegata fed kelp and kept in a tank containing

kelp produced pointed teeth (Table 1; Figure 1). No in-

termediate-shaped teeth were found in any individuals.

Within each treatment, no differences were found as a

function of size or sex of snails. The results of a 3-way

G test showed that for both L. vincta and L. variegata,

food had a significant effect on tooth from (P < 0.001),

and the two species did not differ in this respect.

DISCUSSION

Although radular morphology is generally considered ste-

reotypic within species, and is frequently used as a tax-

onomic character and for species identification (Fretter &
Graham, 1994), I found that radular morphology is plastic

for both of these species (Table 1). Animals fed kelp and

kept in a kelp environment produced pointed teeth,

whereas those fed epiphytes and kept in an eelgrass en-

vironment produced blunt teeth (Figure 1). Radular vari-

ability within gastropod species is often considered anom-

alous or unexplained (Howe, 1930; Langan, 1984; Reid,

1988, 1996). In Peristemia, tooth number and cusp

length vary greatly among and within rows of teeth, and

may be an extreme case of fluctuating asymmetry (Taylor

& Lewis, 1995). In some cases, tooth shape may change

ontogenetically (Nybakken, 1990), or tooth size may be

different for animals found on different host plants

(Bleakney, 1990). Variation in radular tooth form in spe-

cies of Lacuna has caused some question in regard to

species identifications (King, 1965; Langan, 1984; Lan-

gan-Cranford & Pearse, 1995). This is the first demon-

stration that radular tooth form can be phenotypically

plastic and inducible in adult snails.

The inducible plasticity of the Lacuna radula is re-

markable, not only because it occurs in what is tradition-

ally thought of as a species-specific character, but also

because this is the first case of non use-induced plasticity

in a feeding structure for any invertebrate. Plasticity in

the feeding apparatus has been demonstrated in a wide

array of taxa including fishes, insects, arachnids, and

crabs (Bemays, 1986; Meyer. 1987; Wimberger, 1991;

Thompson, 1992; Smith & Palmer, 1994). In all of the

previous studies, the mechanical use of the apparatus con-

trols the remodeling of the structure. The nature of the

morphogenesis of the radula precludes this type of re-

modeling. Once a tooth has developed, its morphology

cannot be changed. Instead, the induced morphology is

found only on new teeth produced in the new environ-

ment, physically distant from the teeth in use. The mor-

phological induction seen in Lacuna is much more similar

to that seen in anti-predator induced morphologies such

as in bryozoans (Harvell, 1990).

Although variability in radular morphology frequently

has been viewed as anomalous, if inducible morphologi-

cal plasticity is heritable, it is the raw material on which

natural selection will act, and could be adaptive (Steams,

1989; West-Eberhard, 1989; Thompson, 1991; Padilla &
Adolph, 1996). The fact that radular morphology can be

phenotypically plastic is a major finding, and has impor-
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Figure 1

Scanning electron micrographs of the radulae of Lacuna variegata (A, B) and L. vincta (C, D). Animals held in a

kelp bed environment and fed kelp produced pointed teeth (A, C), whereas those held in an eelgrass environment

and fed epiphytes produced blunt teeth (B, D). Scale bar = 10 |xm.

tant implications not only for ecology, but for molluscan

taxonomy and systematics. Clearly radular tooth shape

can be a labile trait and sensitive to natural selection.

Using radular form for taxonomic and systematic pur-

poses therefore must be approached with caution. Eco-

logically, we might expect other species living in highly

variable habitats in which different morphologies have

advantage to display similar plasticities. If a species oc-

curs in a wide range of habitats, moves from habitat to

habitat, or if habitat conditions change during the lifetime

of an individual, a single optimal phenotype may not ex-

ist. For species of Lacuna in the northeastern Pacific, pe-

lagic larval dispersal of 4 to 12 weeks is common, and

juveniles and adults regularly move among habitats by

drifting on mucus threads (Martel & Chia, 1991b, c).

Therefore, individuals with a fixed phenotype may be at

a disadvantage, and the ability of individuals to change

their phenotype to best take advantage of current envi-

ronmental conditions could be adaptive (Padilla &
Adolph, 1996). Many gastropods, especially those in the

intertidal and shallow subtidal zones, may be subject to

such environmental changes. Other species of Lacuna

have been found to have variable radular tooth morphol-

ogies similar to those studied here (Langan, 1984; Lan-

gan-Cranford & Pearse 1995), and six of 19 species of

Littorina show intraspecific radular shape variability par-
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alleling that seen in Lacuna (Padilla & Dittman, unpub-

lished data). By examining more species where unex-

plained intraspecific variability has been noted, we may
find many more examples of phenotypically plastic in-

ducible radular morphologies.

ACKNOWLEDGMENTS

I would like to thank the Director, staff and library of the

Friday Harbor laboratories. Dawn Dittman provided in-

valuable assistance, caring for and feeding snails. This

research was supported by grants from WARPand NSF
(BSR-9009070 and IBN-93 17293).

LITERATURE CITED

Appleton, R. & A. R. Plamer. 1988. Waterborne stimuli re-

leased by predatory crabs and damaged prey induce more

predator-resistant shells in a marine gastropod. Proceedings

of the National Academy of Science, USA 85:4387-4391.

Bernays, E. 1986. Diet-induced head allometry among foliage-

chewing insects and its importance for granivores. Science

231:495-497.

Bleakney, J. S. 1990. Indirect evidence of a morphological re-

sponse in the radula of Placida dendritica (Alder and Han-

cock. 1843) (Opisthobranchia: Ascoglossa/Sacoglossa) to

different algal prey. The Veliger 33:111-115.

Bradshaw. A. D. 1965. Evolutionary significance of phenotypic

plasticity in plants. Advances in Genetics 13:115-155.

Fretter, V. & A. Graham. 1994. British Prosobranch Mollus-

cus. Their Functional Anatomy and Ecology. Ray Society:

London, 820 pp.

Harvell, C. D. 1990. The ecology and evolution of inducible

defenses. Quarterly Review of Biology 65:323-340.

Hickman, C. S. 1980. Gastropod radulae and the assessment of

form in evolutionary paleontology. Paleobiology 6:276-294.

Howe, S. W. 1930. A study of the variations in the radula of a

snail with particular reference to the size of the median teeth.

The Nautilus 44:53-66.

King, S. C. 1965. Aspects of the natural history, density and

growth of Lacuna populations at Minnesota Reef, San Juan

Island, Washington. MS Thesis. University of Washington.

Seattle. 40 pp.

Langan, K. M. 1984. The reproductive ecology of two closely

related marine snails from central California: Lacuna mar-

morata and Lacuna unifasciata. MS Thesis, University of

California. Santa Cruz. 142 pp.

Langan-Cranford, K. M. & J. S. Pearse. 1995. Breeding ex-

periments confirm species status of two morphologically

similar gastropods (.Lacuna spp.) in central California. Jour-

nal of Experimental Marine Biology and Ecology 186:17-

31.

Martel. a. 1990. Recruitment, post-metamorphic drifting and

reproductive ecology in the herbivorous gastropod Lacuna

spp. within kelp canopies and intertidal seaweed communi-
ties. Ph.D. dissertation. University of Alberta, Edmonton,

Alberta. 329 pp.

Martel, A. & F. S. Chla. 1991a. Oviposition, larval abundance.

in situ larval growth and recruitment of the herbivorous gas-

tropod Lacuna vincta in kelp canopies in Barkley Sound,

Vancouver Island. Marine Biology 110:237-247.

Martel, A. & F. S. Chl^i. 1991b. Foot-raising behavior and

active participation during the initial phase of post-meta-

morphic drifting in the gastropod Lacuna spp. Marine Ecol-

ogy Progress Series 72:247-254.

Martel, A. & F. S. Chdsi. 1991c. Drifting and dispersal of small

bivalves and gastropods with direct development. Journal of

Experimental Marine Biology and Ecology 150:131-147.

Meyer, A. 1987. Phenotypic plasticity and heterochrony in

Cichlasoma manaquense (Pisces, Cichlidae) and their im-

plications for speciation in cichlid fishes. Evolution 41:

1357-1369.

Nybakken, J. 1990. Ontogenetic change in the Conus radula,

its form, distribution among the radula types, and signifi-

cance in systematics and ecology. Malacologia 32:35-54.

Padilla, D. K. 1985. Structural resistance of algae to herbi-

vores. A biomechanical approach. Marine Biology 90:103-

109.

Padilla, D. K. 1989. Structural defenses of algae: the impor-

tance of form and calcification in resistance to tropical lim-

pets. Ecology 70:835-842.

Padilla, D. K. & S. C. Adolph. 1996. Plastic inducible mor-

phologies are not always adaptive: the importance of time

delays in a stochastic environment. Evolutionary Ecology

10:105-117.

Padilla, D. K., D. E. Dittman, J. Franz & R. Sladek. 1996.

Radular production rates in two species of Lacuna (Gas-

tropoda: Littorinidae). Journal of MoUuscan Studies 62:275-

280.

Reid, D. G. 1988. The genera Bembicium and Risellopsis (Gas-

tropoda: Littorinidae) in Australia and New Zealand. Re-

cords of the Australian Museum 40:91-150.

Reid, D. G. 1996. Systematics and Evolution of Littorina. The
Ray Society: London. 463 pp.

Smith, L. D. & A. R. Palmer. 1994. Effects of manipulated diet

on size and performance of brachyuran crab claws. Science

264:710-712.

Smith-Gill, S. J. 1983. Developmental plasticity: developmen-

tal conversion versus phenotypic modulation. American Zo-

ologist 23:47-55.

Stearns, S. C. 1989. The evolutionary significance of pheno-

typic plasticity. Bioscience 39:436-445.

Taylor, J. D. & A. Lewis. 1995. Diet and radular morphology

of Pehsternia and Latirolagena (Gastropoda: Fasciolaridae)

from Indo-Pacific coral reefs. Journal of Natural History 29:

1143-1154.

Thompson, D. B. 1992. Consumption rates and the evolution of

diet-induced plasticity in the head morphology of Melano-

plus femurrubruni (Orthoptera:Acridadae). Oecologia 89:

204-213.

Thompson, J. D. 1991. Phenotypic plasticity as a component of

evolutionary change. Trends in Ecology and Evolution 6:

246-249.

West-Eberhard. M. J. 1989. Phenotypic plasticity and the or-

igins of diversity. Annual Reviews in Ecology and System-

atics 20:249-278.

Wimberger, p. 1991. Plasticity of jaw and skull morphology in

the neotropical cichlids Geophagus brasiliensis and G. stein-

dachneri. Evolution 45:1545-1563.


